Fall Fertilization Timing Effects on Nitrate Leaching and Turfgrass Color and Growth
Salvatore S. Mangiafico and Karl Guillard* ABSTRACT Fall season fertilization is a widely recommended practice for turfgrass. Fertilizer applied in the fall, however, may be subject to substantial leaching losses. A field study was conducted in Connecticut to determine the timing effects of fall fertilization on nitrate N (NO 3 2N) leaching, turf color, shoot density, and root mass of a 90% Kentucky bluegrass (Poa pratensis L.), 10% creeping red fescue (Festuca rubra L.) lawn. Treatments consisted of the date of fall fertilization: 15 September, 15 October, 15 November, 15 December, or control which received no fall fertilizer. Percolate water was collected weekly with soil monolith lysimeters. Mean log 10 NO 3 2N concentrations in percolate were higher for fall fertilized treatments than for the control. Mean NO 3 2N mass collected in percolate water was linearly related to the date of fertilizer application, with higher NO 3 2N loss for later application dates. Applying fall fertilizer improved turf color and density but there were no differences in color or density among applications made between 15 October and 15 December. These findings suggest that the current recommendation of applying N in mid-to late November in southern New England may not be compatible with water quality goals. F ALL FERTILIZATION is a widely recommended practice for cool-season turfgrass in southern New England and elsewhere in temperate climates. Reported agronomic benefits of fall fertilization include improved color in the spring (Powell et al., 1967b; Wilkinson and Duff, 1972; Wehner et al., 1988; Wehner and Haley, 1993) , increased root mass in either the winter or spring (Hanson and Juska, 1961; Powell et al., 1967a) , and decreased carbohydrate depletion in the winter (Powell et al., 1967b) . To achieve the full agronomic benefit of fall fertilization and avoid a flush of top growth in the fall, it has been suggested that fertilizer should be applied late in the season, after most top growth has ceased (Hanson and Juska, 1961; Wilkinson and Duff, 1972; Wehner and Haley, 1993) . Determination of an application date of fall fertilizer for optimal agronomic benefit is difficult, however, because previous studies were performed under different climatic and maintenance conditions and with different species. Conclusions about specific fertilization dates would not be applicable to distinctly different climates. Determination of an application date is difficult also because few studies directly compared fall fertilizer application on different dates (Wilkinson and Duff, 1972; Wehner et al., 1988; Wehner and Haley, 1993) . In general, these three studies concluded that turf fertilized in November or later developed better spring color than turf fertilized earlier in the fall, but this conclusion was not unequivocal in all cases.
There is concern about NO 3 2N losses from managed turf areas due to the negative environmental and human heath effects of NO 3 2N in surface and ground waters. The date of fertilizer application may affect the potential for significant NO 3 2N leaching. Because the late fall and winter are characterized by low temperatures, high precipitation, low evapotranspiration, and low plant uptake, fertilizer applied to turf in the fall may be subject to leaching losses (Petrovic, 1990) . Supporting this, Miltner et al. (2001) found increased soil NO 3 2N concentrations in the fall under an intense turf fertilization regime, suggesting the possibility of increased leaching potential in the fall or winter. Similarly, Guillard and Kopp (2004) found greater NO 3 2N leaching losses from turfgrass when potential evapotranspiration was low. Some studies concerning N leaching from turfgrass systems have reported increased N concentration or N mass loss in percolate water during the fall or winter (Petrovic et al., 1986; Geron et al., 1993; Liu et al., 1997; Guillard and Kopp, 2004) . Geron et al. (1993) , in one year of their study, found greater winter percolate water NO 3 2N concentrations from a fertilization program including a November application than from a program without one. Similarly, Miltner et al. (1996) found higher NO 3 2N concentrations in leachate throughout their study and a greater recovery of labeled 15 N in leachate from a fertilization program including a November application.
Recommended dates for fall application of fertilizer must take into consideration both agronomic benefits and potential leaching losses, as well as the climate at the application site. We are aware of only one study that has been conducted in southern New England comparing turf quality among fall fertilization dates (Wilkinson and Duff, 1972) , and none comparing N leaching losses among fall fertilization dates. Therefore, this study was conducted to investigate the timing effects of fall fertilization on both leaching losses and turfgrass color, density, root mass, and clipping yield for a turf stand in southern New England under a home lawn maintenance regime.
MATERIALS AND METHODS

Experimental Site and Lysimeters
A field experiment was conducted at the University of Connecticut in Storrs, CT, USA, from 7 Aug. 2000 to 15 May 2003. Soil monolith lysimeters used in the study had been installed in 1995 for use in a leaching study involving nursery container crops (Colangelo and Brand, 2001) . The lysimeters consisted of high-density polyethylene barrels 56 cm in diameter and 85 cm deep. The barrels were installed vertically in the soil with the tops open (Fig. 1) . The bottom of the barrels were closed but fitted with polyvinyl chloride fittings and 1.3-cmdiameter polyethylene tubes leading to 19-L schedule 40 polyvinyl chloride pipes. These pipes were capped at both ends and installed vertically in the soil about 2 m away from the barrels for use as collection vessels. The collection vessels were vented with a small hole with a glass wool screen, and removing the top cap allowed access to the contents of the collection vessels. The barrels were installed in the soil and pitched so that all water collected in the barrel would drain through the tube and into the collection vessel. The bottom of each lysimeter was lined with woven fiberglass fabric to prevent soil from moving into the collection vessel. The barrels were filled with a screened soil having a loamy sand texture, a pH of 5.7, 14 g kg 21 organic matter by dry combustion (Ball, 1964) , and 8.0 mg kg 21 NO 3 2N by 2 M KCl extraction (Mulvaney, 1996) . In the summer of 2000, existing vegetation on the site was killed with glyphosate [N-(phosphonomethyl)glycine] and tilled into the soil. The entire site was topped with 20 cm of commercial topsoil to mimic the soil profile of a newly constructed home lawn. The tops of the lysimeter barrels were approximately at the bottom of this topsoil layer. The topsoil had a loamy sand texture, a pH of 5.9, 19 g kg 21 organic matter, and 9.4 mg kg 21 NO 3 2N. The site was then sodded with 90% Kentucky bluegrass ('Midnight', 'Adelphi', 'America', and 'Touchdown') and 10% 'Cindy' creeping red fescue. Collection vessels were washed with hydrochloric acid and rinsed with deionized water before the commencement of monitoring. Fourteen turf plots, measuring 1.4 by 2.4 m each, were arranged with one lysimeter per plot.
Experimental Design, Treatments, and Management . Plots that received no fall fertilizer received additional P as triple superphosphate (0-20-0) and additional K as KCl (0-0-51) the following spring so that all plots received the same amounts of P and K. The site was maintained as a home lawn. Plots were mowed weekly during the growing season to a height of 4.5 cm and clippings remained on the plots. Plots were irrigated at a rate of 2.5 cm wk 21 from May to September in addition to receiving natural precipitation. Irrigation was halted for the season before the 15 September application date to minimize confounding the treatment effects with irrigation. Dolomitic limestone was applied two times during the study at 2430 kg CaCO 3 equivalent ha 21 each to maintain a pH of 6.0 or higher. Any weeds were removed by hand, and plots were sprayed in September 2002 with the broadleaf selective herbicide 2,4-D (2,4-dichlorophenoxyacetic acid).
Percolate Collection and Turf Color and Growth
Beginning 7 Aug. 2000, percolate volumes in the collection vessels were measured weekly and a subsample of the percolate was removed by peristaltic pump. The remaining percolate water in each collection vessel was then removed and discarded. The percolate samples were fixed with H 2 SO 4 and stored at 48C for up to 28 d. Samples were analyzed for NO 3 2N on a Scientific Instruments continuous flow analyzer (WESTCO, Danbury, CT) using the Griess-Ilosvay method (Keeney and Nelson, 1982) . When concentrations were below the nominal detection limit of 0.05 mg L
21
, a value of half the detection limit was recorded. This was appropriate because the frequency of samples with concentrations below the detection limit was 3.2% of total samples (USEPA, 1998) optically dense stack. A color measurement was taken using a Minolta CR200b chroma meter (Konica Minolta Holding, Tokyo, Japan) in Commission Internationale de l' Eclairage (CIE) L* a* b* coordinates at illuminant condition C (Hunter, 1975 ). The leaf blades were then randomly rearranged in the stack and another color measurement was taken. This was repeated for four measurements for each plot. Values of L*, a*, and b* were averaged per plot and converted to hue, lightness, and chroma values (McGuire, 1992) .
Chlorophyll concentration measurements in leaf tissue were taken from March to November in 2001 and 2002 and from March to May 2003. For each measurement, leaf blades from a small section of a plot were clipped and collected. Chlorophyll extraction was performed using intact, fresh leaf tissue and N,N-dimethylformamide. Extracts were measured spectrophotometrically at 647 and 664.5 nm and chlorophyll concentration was calculated (Inskeep and Bloom, 1985) .
Reflectance index measurements with the Spectrum Field Scout CM1000 chlorophyll meter (Spectrum Technologies, Plainfield, IL) were taken from September to December Shoot density measurements were taken on 30 Apr. 2002 and 29 Apr. 2003 . This was done after the first mowing in the spring. Tillers were counted within two 26-cm 2 areas per plot and averaged. Root plus rhizome mass measurements were taken 19 Apr. 2002 and 15 Apr. 2003 . This was done after spring green-up but before vigorous top growth. Two plugs measuring 2 by 11 by 17 cm deep were taken per plot, in a section of each plot away from lysimeters. Thatch and verdure were cut away and soil was removed by washing. The resultant root and rhizome samples were dried at 718C, weighed, ashed at 3758C for 16 h, and weighed again. The root and rhizome mass was calculated as dry mass minus ashed mass.
Statistical Analysis
Because initial high NO 3 2N concentrations in percolate may have been due to mineralization stimulated by soil disturbance during establishment, the period from 1 Aug. 2000 to 14 May 2001 was considered an establishment period and was excluded from all subsequent analyses for NO 3 2N concentrations and mass. The experimental period was then from 15 May 2001 to 14 May 2003. All hue, lightness, chlorophyll concentration, and clipping yield measurements beginning in March 2001 were retained for subsequent analyses.
Percolate NO 3 2N concentration data were pooled from 15 May 2001 to 14 May 2003. Because data were positively skewed, a log 10 transformation was applied so that data conformed to the normality of residuals assumption of parametric analysis, and the data were subjected to analysis of variance (ANOVA). Treatment means were separated with Tukey's Honestly Significant Difference test (a 5 0.05) with Kramer's adjustment for unequal treatment observations. Mass of NO 3 2N in percolate water was summed for each lysimeter for the period from 15 May 2001 to 14 May 2003, and the data were subject to ANOVA. Because ANOVA single-degree-offreedom contrast indicated a significant (p 5 0.044) linear relationship across fall-fertilized treatments, a linear regression analysis was performed on yearly mean NO 3 2N mass loss versus date of application. Clipping yield, chlorophyll concentration, hue, lightness, chroma, and reflectance index measurements were analyzed on data pooled across all sample dates with ANOVA repeated measures analyses, with sample date as the repeated measure. Treatment means were separated according to the least significant difference test with TukeyKramer adjustment (a 5 0.05). Shoot density and root mass data were subjected to ANOVA separately for each year and to single degree-of-freedom contrasts to separate the means of fall fertilized treatments from that of the control.
Because temperature and precipitation were noticeably different across the two years of percolate sampling, and to emphasize the relationship between weather and N leaching losses, the percolate sampling period was divided into two . Percent of applied fall N collected in percolate water was calculated for each year and for both years, and differences between years within treatments were determined with ANOVA. Percent loss was calculated as (mean N in percolate for treatment -mean N in percolate for control)/(fall N applied) 3 100%.
All analyses were performed with the Statistical Analysis Software package (SAS Institute, 1999 ). All models were checked for homogeneity of variance, normality of residuals, and independence of residuals (Montgomery, 1997) .
RESULTS AND DISCUSSION Air Temperature, Precipitation, and Percolation
Total precipitation for Year 1 was 946 mm, or 28% below the 30-yr normal for Storrs, CT, from 1970-1999 (Fig. 2a) , and total precipitation for the winter of Year 1 (November 2001 through March 2002) was 296 mm, or 46% below normal. Total precipitation for Year 2 was 1293 mm, or 1% below normal, and total precipitation for the winter of Year 2 (November 2002 through March 2003) was 552 mm, or 1% above normal. These values do not include added irrigation. The overall mean temperature during the winter of Year 1 was 3.48C, or 3.58 above normal (Fig. 2b) . The overall mean temperature during the winter of Year 2 was 21.38C, or 1.28 below normal. These observations indicate that the winter of Year 1 was drier and warmer than normal, while the winter of Year 2 was near normal.
Total precipitation across both years was 2239 mm and total irrigation applied across both years was 978 mm. Total mean percolation across both years across all treatments was 1301 mm or 40.4% of applied irrigation and precipitation. Analysis of variance indicated no significant (p . 0.05) differences in percolation volumes or percents among treatments. These percolation results are similar to those of a study in Rhode Island that reported 37.2% of total irrigation and precipitation collected as percolate from a 90% Kentucky bluegrass lawn receiving scheduled irrigation, and reported no differences in percolate volumes among N application treatments (Morton et al., 1988) . Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
Percolate Nitrate Nitrogen Concentration
Concentrations of NO 3 2N in percolate water of greater than 40 mg L 21 were observed during the establishment period (data not shown). These initial high concentrations may have been due to mineralization stimulated by soil disturbance during establishment. Geron et al. (1993) found similarly high NO 3 2N concentrations after establishment of a Kentucky bluegrass turf over soil monolith lysimeters. During the experimental period, concentrations varied considerably with time (Fig. 3) . There was an evident elevation in NO 3 2N concentrations for all treatments from October 2002 to January 2003 and from January to March 2002 for the 15 September, 15 November, and 15 December treatments. This supports observations from Geron et al. (1993) , Liu et al. (1997) , and Guillard and Kopp (2004) , who reported increased NO 3 2N concentrations in percolate or soil water during winter or fall. This trend was less evident in January to March 2002, which may be attributable to drier and warmer conditions during that winter.
Significant differences (p , 0.05) in mean log 10 NO 3 2N concentrations were found among treatments (Fig. 4) . Fall fertilized treatments had significantly higher log 10 means than did the control. Additionally, the 15 December treatment had a significantly higher mean log 10 concentration than did the 15 September treatment.
Nitrate Nitrogen Mass Collected in Percolate Water
Cumulative NO 3 2N mass collected in percolate water increased moderately for the first year of the experimental period (Fig. 5) . Cumulative mass increased more sharply, however, from November 2002 through February 2003. This higher mass export coincides with higher NO 3 2N concentrations in percolate during this period (Fig. 3) , as well as with colder air temperatures and higher precipitation compared to the previous winter (Fig. 2) . Because this period of increased loss was evident in all treatments in November 2002, including those not yet fertilized in the fall of that year (the 15 November, 15 December, and control treatments), these losses are probably not directly related to fall applied at that time, but to residual NO 3 2N from previous applications or mineralization. Balkcom et al. (2003) found the timing and amount of rainfall to be major factors determining NO 3 2N losses from the rooting zone of corn (Zea mays L.) fields in Iowa across years. Mean cumulative NO 3 2N mass collected in percolate water was significantly (p 5 0.033, r 2 5 0.94) linearly related to the date of fall fertilization (Fig. 6) . The later the date of the application of fall fertilization, the more NO 3 2N was collected in the percolate water.
The percent of fall applied N collected as NO 3 2N in percolate water varied by year, with greater losses of fall applied N in Year 2 for all treatments (Table 1) . The lower losses for Year 1 may be related to the lower precipitation in the winter of that year and the warmer Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
temperatures during that fall which might have allowed greater plant uptake in the fall.
Turf Color, Chlorophyll, and Yield
Significant differences (p , 0.05) were found among treatments for least-square means from repeated measures analyses for turf hue, lightness, chlorophyll concentration, reflectance index, and clipping yield (Fig. 7) . Overall, the 15 October, 15 November, and 15 December treatments were among treatments that produced the highest means for hue, chlorophyll concentration, and clipping yield, and among the lowest for lightness. A higher hue implies a greener color; a higher chroma implies a more saturated color; a lower lightness implies a darker color. These repeated measures analyses included measurements from throughout the growing season. However, because these measurements represented three spring seasons and measurements were taken more frequently during the spring, they were heavily weighted in favor of spring measurements (February through May). Because spring color and growth is of concern following fall fertilization, this weighting was considered desirable.
In general, these color and growth results agree with other studies in that fall fertilization tended to improve spring turf color or quality (Powell et al., 1967b; Wilkinson and Duff, 1972; Wehner et al., 1988; Wehner and Haley, 1993; Oral and Acikgoz, 2001 ). However, these results differ from results of Wehner and Haley (1993) , in Illinois, who found higher spring color ratings in turf fertilized later in the fall than in October. Similarly, Wilkinson and Duff (1972) , in Rhode Island, found greater spring chlorophyll in mid-April in turf fertilized in November or December than in October. Differences among results from these two studies and the present study may have resulted from differences in climate, soil, or Kentucky bluegrass variety.
Shoot Density and Root Mass
In the present study, no differences were found among fall fertilized treatments for either year for shoot density or root mass (Fig. 8) . Orthogonal contrasts from ANOVA indicated that fall fertilized treatments were greater ( p , 0.05) than control for shoot density for each year, with no differences (p . 0.05) among fall fertilized treatments. These shoot density data differ from those of Oral and Acikgoz (2001) , who found no increase in shoot density from fall fertilization. However, they presented data from Turkey, which may not be applicable to southern New England, and from turf receiving higher rates of N. In our study, no differences (p . 0.05) were found among root mass means for either year (Fig. 8) . In Maryland, Hanson and Juska (1961) found increased root mass with fall N fertilization of Kentucky bluegrass, but only over unfertilized control plots. In our study, control plots were not fertilized in fall but received spring and summer fertilization. Additionally, the data from Maryland may not be applicable to southern New England. Milder winter temperatures in Maryland may allow for greater potential for N uptake during late fall and winter compared with southern New England. The root mass results of our study also differ somewhat from those of Powell et al. (1967b) , who found spring root mass increases with additional fall N applied in December and October over that applied only in October. Our study did not investigate additional N applications to turf already fertilized in October. Additionally, they presented data from a bentgrass (Agrostis stolonifera L.) turf and from Virginia, which may not be applicable to a Kentucky bluegrass turf in southern New England. In our study, means for both root mass and shoot density were noticeably lower in April 2003 than in April 2002 (Fig. 8) . This difference may reflect the colder fall and winter preceding April 2003 than that preceding April 2002.
Nitrogen Sources, Timing, and Rates
Results from this study suggest that a considerable percentage of soluble N applied to turfgrass in November or December could be lost through leaching (Table 1) . This percentage, however, may depend on the rate of fall N application. A rate considerably less than the 49 kg N ha 21 used in this study for fall application may lower the percentage of applied N lost through leaching, and may represent a reasonable application in the late fall.
While data from this study suggested that fertilizing turf on 15 October or later with 49 kg N ha 21 will improve turf color and density, optimizing turf color or density is not always a priority over water quality concerns. Data from this study suggested a negative water quality impact from fall fertilization, in that adding fall fertilizer increased mean NO 3 2N concentration in percolate (Fig. 4) , and applying fertilizer after 15 September increased NO 3 2N mass in percolate water (Fig. 6) . This study did not use any subjective ratings for turf quality, nor are there established values for acceptable turf with the quantitative turf measurements used in this study. However, we noted that turf color, density, and growth were acceptable for most uses throughout the year on plots receiving fall fertilizer in September or receiving no fall fertilizer. If water quality is a priority, prudence may dictate an early or low-rate fall N application, or no fall N application. Additionally, rates of fall N application should be adjusted downward to account for residual available soil NO 3 2N from previous applications and mineralization, especially if soil organic matter is substantial.
This study was conducted using fall fertilizer with water-soluble N sources. It is not clear how fall fertilizer recommendations for slow-release N sources would differ from those for soluble N sources. Because slow-release N sources may depend on moisture, temperature, and microbiological activity to become available for plant uptake or leaching, turf quality and NO 3 2N leaching losses may be especially sensitive to N source effects in fall fertilizer. Wehner and Haley (1993) found higher spring color ratings for sulfur-coated urea with applications in November and December over October, but not for Milorganite. Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
They also found, with a November application, higher spring color on more dates for sulfur-coated urea compared with urea, but not for Milorganite compared with urea. Because less N would be susceptible to movement by water, the use of slow-release N sources for fall application may reduce fall and winter N leaching losses from turfgrass. A few studies have found lower NO 3 2N leachate concentrations or losses from slow release N sources or organic sources applied to cool-season turf than from immediately soluble sources (Geron et al., 1993; Easton and Petrovic, 2004; Guillard and Kopp, 2004) .
CONCLUSIONS
Applying fall fertilizer improved turf color and increased shoot density, chlorophyll concentration, reflectance index, and clipping yield in our cool-season turf lawn. However, no differences in color, clipping yield, chlorophyll concentration, shoot density, or root mass were found among the 15 October, 15 November, or 15 December treatments. In contrast to this, however, the data from this study suggest a potential negative impact to water quality by applying fertilizer late in the fall. Both NO 3 2N concentrations and mass losses in percolate water increased with later application dates. These findings suggest that the current recommendation of applying N in mid-to late November in southern New England may not be compatible with water quality goals. Water quality concerns would dictate an early or lowrate fall application if soluble N fertilizer is used, or no fall N application. Because NO 3 2N concentrations and mass losses were elevated in the fall and winter in this study, consideration of temperature, moisture, and existing available soil N is of particular concern when making fall fertilizer recommendations. More research addressing the interactions of the effects of timing, source, and rate is necessary before optimal application recommendations for fall fertilizer can be made with confidence. Concerns about the timing of fall-applied fertilizer are especially relevant in northern climates where cold weather and high precipitation in the fall and winter limit potential plant uptake and increase the likelihood of considerable N leaching losses. 
